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NREL, 1617 Cole Blvd., Golden, Colorado 80401
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Abstract. Studies of junction photoluminescence (PL) in CdTe/CdS solar cells revea that back-
contact application produces a dramatic qualitative change in the junction picosecond-PL spectrum.
Prior to contact application, the spectrum has two peaks at energies of 1.501 eV and 1.457 eV,
corresponding to recombination in regions of CdTeS aloy with 2% and 12% sulfur content,
respectively. After contact application, the spectrum consists of a single broad peak at 1.48 eV.
Previous studies have shown that the nitric-phosphoric (NP) etch used in the contact procedure
produces a layer of elemental tellurium (Te) on the CdTe surface. We postulate that the change in
the near-junction PL spectrum is caused by a grain-boundary field effect due to perturbations of the
grain-boundary conductivity and Fermi level.

INTRODUCTION

A critical issue in the production of thin-film CdTe/CdS photovoltaic (PV) devicesisthe
ability to form low-resstance ohmic contacts to p-type CdTe. Various surface treatments
are gpplied prior to deposition of a metalic contact. One of the most effective isthe use of a
nitric-phosphoric (NP) acid etch []. It has been shown that the NP etch preferentialy
etches grain boundaries, and that this etch produces a layer of dementd Te on the surface of
the CdTe grains [*]. Issues of how the back contact affects the stability of CdTe/CdS PV
modules have recently arisen. In light of the key role played by the back contect, it is
important to further our understanding of how these contacts work and how back-contact
treatments affect the CdTe materid itsef. Measurements of photoluminescence spectra on
close-gpaced sublimated (CSS) CdTe/CdS devices grown a NREL have found that the
gpplication of a back contact produces a sgnificant quditative change in the junction PL
spectrum. This study examines the nature and causes of these changes.

EXPERIMENTAL

Typicd room-temperature PL measurements on polycrystdline CdTe (px-CdTe) are
dominated by recombination a defects because of the high density of defect Satesredive to



the photoexcited carrier density. The PL spectra described in this study are unique in that a
cavity-dumped dye laser is used as the excitation source. The laser provides pulses 5
picoseconds long at a repetition rate of 1 MHz. Due to the extremely low duty cycle of the
laser (5x104 %), we are able to inject much higher photoexcited carrier dengities than is
practica with a continuous-wave (CW) laser. Initid carrier dendties immediatdy dfter the
laser pulse are approximately 4x1016 cnr3. By comparison, typical dendties for CW PL
measurements are on the order of 2x1013 cnr3[®].  Heresfter, we will refer to these pulsed,
high-excitation PL measurements as ps-PL. Under the high-injection conditions of the ps-PL
experiment, one expects that the PL spectrum will be dominated by band-to-band
trangtions. We have observed tha the psPL spectrum remains quditatively unchanged,
with an increase of up to 3 orders of magnitude in laser intengty. This confirms that the
peaks observed in the ps-PL spectrum are due to band-to-band recombination.

In the experiments described in this paper, photoexcitation is through the transparent
CdS window layer a a wavelength of 600 nm. The 1/e penetration depth for this
wavdength in CdTe is 0.2 um. Numericd modeling indicates that more than 90% of the
photoexcited carriers recombine within the first 3000 A of CdTe adjacent to the CdTe/CdS
interface, hence the term "junction photoluminescence” The measurement is conducted at
300 K under open-circuit conditions. Spectrd resolution is 1 nm.

We have studied the effect of numerous back-contact treatments on the observed ps-PL
spectrum for the CdTe adjacent to the CdTe/CdS interface. Samples in this sudy consst of
standard NREL CSS-CdTe / CBD-CdS / SnO2 / 7059 glass. The CdTe thickness is

approximately 10 um, with a grain size of about 3 um. We have sudied a matrix of back-
contact trestments including NP etch only, NP etch followed by annedling, NP etch followed
by HgTe/graphite paste, HgTe/graphite paste aone, then with annealing, gpplication of silver
conducting paint, and findly, evaporated Te. We have aso sudied the effects of usng ion-
beam milling to remove severd microns of CdTe from the back surface of the sample after
these trestments.

PL RESULTS

As discussed above, the conditions of our PL experiment measure band-to-band
recombination spectra of an approximately 3000-A-thick layer on the CdTe-side of the
CdTe/CdS interface. Fig. 1 illugtrates the typical junction PL spectrum measured on NREL
polycrystaline CdTe/CdS'TCO and CdTeTCO device structures.  All deposition and
treatment conditions are identica for the two films. The only difference is the presence of the
CdS layer in one film. The differences in the two spectra are striking. The CdTeTCO film
spectrum consists of a single Gaussan pesk a the 1.51-eV bandgap of CdTe. The
CdTe/CdS/TCO film spectrum congsts of two pesks that can be fit with a sum of two
Gaussans. Thefitting functions are illusirated by the dashed linesin Fig.1.
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Figure 1. Junction PL spectra for pre-metalization increase in- sulfur Concentralon'_ We
devices illustrating effect of presence of CdS layer. conclude tha the two pesks in the
Dashed lines demonstrate Gaussian fits. CdTeS spectrum are due to regions of

aloy with compositions of 2% and 12%,
respectively.  The 12% compostion is consstent with grazing-incidence X-ray diffraction
meesurements of aloy composition on lift-off samples[°], which probe only the first 50 A of
thefilm. Itisnot clear at thistime why the spectrum displays two digtinct pesks rather than a
sngle broad pesk spanning the range of bandgaps from 12% to 0% sulfur. Possble
explanations are an dectric-field-induced segregation of photoexcited carriers, or a CdTeS
aloy compaogtion digtribution that is bimoda instead of changing smoothly with distance from
the interface.

The effect of contact application isillugrated in Fig. 2. The solid line shows the junction
ps-PL spectrum prior to contact application, whereas the dashed line is for a sample after
contact gpplication. The post-contact spectrum consists of what appears to be a single
broad pesk a 1.48 eV. We have attempted to fit this peak with a wide variety of fitting
functions. The asymmetry of the pesk is such tha the best fit is achieved usng two
Gaussians with peak energies of 1.509 eV and 1.487 €V. The pesk a 1.509 eV is
congstent with PL from px-CdTe, whereas the lower-energy peak matches the bandgap of a
CdTeS aloy with about 3% sulfur.

The standard NREL method for applying back contacts is to first etch the back surface
with a nitric-phosphoric acid etch. Then, a HgTe-doped graphite paste is applied, and the
sanple is aneded. Findly, slver paste
is gpplied to form the metdlic contact.

>0 | | By measuring ps-PL spectra at each step

5 400 in this process, we found that the change
i:': 300 in the spectrum is produced by NP etch
2 without annedling. Measurements of ps-
g 200 PL on the back surface of an etched
=100 CdTe/CdS device showed a decrease in
o PL intengty, but no change from the
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Figure 2. Junction ps-PL spectra for an NREL that the two-pesk ps-PL spectrum on the
CdTe/CdS device structure before (solid line) and after junction sSde is associaed with the
(dashed line) contact application.
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Figure 3. Junction ps-PL spectra showing evolution of etch time. Fig. 3 presents ps-PL spectra

spectra with increments of NP etch time. Etch times of for etch times of 0. 10. 20. and 30
0, 10, 20, and 30 seconds correspond to solid, large d d ! ! d’ f h
dash, medium dash, and smallest dashed lines. For SCONdS. Beyond 30 seconds of etc

clarity the intensities have been scaled to avoid time there is very little change in the
overlap. spectrum. It is clear from these spectra

that the change in PL produced by the
NP etch is not abinary, "on or off" effect. Rather, the shift from two peaks to oneis gradua
and is congstent with increasing thickness and depth of Te layersin the grain boundaries.

A study of NP etch effects on sngle-crystal CdTe has found that a 60-second NP etch
removes cadmium, leaves 30 nm of eemental Te on the CdTe surface, and produces a
transition region of Te-rich CdTe of 50 nm thickness[®]. It is known that Te is a degenerate
p-type semiconductor with a bandgap of 0.33 eV []. The study of NP-etched CdTe
surfaces dso used evaporation to apply Te to the surface of px-CdTe and found that the
Fermi leve of Telayers less than 26 A thick was pinned by the midgap surface Sates of the
CdTe grain, and thus, the layer was ntype. The Te layers greater than 76 A thick were
degenerate p-type. The primary distinctions between NP etch and evaporated Te are that
NP etch preferentidly etches grain boundaries and produces a 50-nm-thick trandtion region
of Te-rich CdTe, whereas evaporation produces an abrupt interface between Te and CdTe.

To determine whether or not the Te layer produced by the NP etch is responsible for the
change of the ps-PL spectrum, we investigated several other back-surface treatments.
Application of slver conducting paint to the back surface had no effect on the junction ps-PL
spectrum. Bromine-methanol (Br-Me) is an etch for CdTe that is known to leave a Te-rich
surface.  Upon etching an NREL CdTe/CdS device structure, we found that Br-Me
produces the same shift in the junction PL as that observed for NP eich. X-ray
photoelectron spectroscopy (XPS) measurements confirm that the Br-Me etched surface is
elementd Te. We aso used vacuum evaporation to deposit a 50-nm layer of Te on the back
surface of a CdTe/CdS device structure and observed a change in the psPL spectrum
identical to that observed for NP and Br-Me etches.

At this point, it is reasonable to conclude that the Te layer is causng the change in the ps-
PL. The key question is whether the change is a grain-boundary effect or a back-surface
fidd effect. The fact that evaporated Te produces the spectra shift would indicate thet it isa
back-surface field effect. We have used the device smulaion program SmWindows to
model the effects of a degenerate p-type layer on the back surface of a CdTe/CdS device.
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Figure 4. Evolution of the junction ps-PL spectrum gpectra for samples that have milling

with ion-beam milling depth. The five spectra in the depths of 0, 0.18, 0.72, 1.26, and 2.6

figure are for milling depths of 0, 0.18 um 0.72 pm, 1.26 . .
um, and 2.6 um. Smaller dashed lines correspond to MM As can be seen in the figure, and

increased milling time. For clarity the intensities have has been verified by pesk fitting, the 0.18
been scaled to avoid overlap. KM spectrum is unchanged from the NP

etiched gpectrum, whereas each
successive gep in milling changes the spectrum more and more toward that observed for
non-etched samples. The 2.6-um sample has a spectrum that matches that for a non-etched
sample.  XPS measurements of the ion-milled surfaces show that the 0.18-um sample is
goichiometric CdTe, whereas the longer milling times become increasingly Cd-rich at the
back surface.

The fact that the PL spectrum of the 0.18-um milled sample is unchanged from an NP-
etched sample confirms the results of our device modeing, namely, that the effect on the
junction PL spectrum is not a back-surface fidld effect. The interpretetion of the gradua
return to a non-etched spectrum is more complicated. Such behavior with milling depth
would be consgtent with rdatively thick layers of dementd Te in the grain boundaries near
the back surface, with decreasing thickness moving toward the front of the device. Thick,
degenerate p-type grain boundaries near the back surface, together with the highly
conductive Te layer down the grain boundaries, could affect the Fermi level of grain
boundaries near the junction region where the junction ps-PL originates. As the thick Te
layers are removed from the back, the Fermi level of the grain boundaries again becomes
pinned to the midgap surface states of the CdTe grain surface just as prior to NP etch.

CONCLUSIONS

We have provided evidence that the quditative change in the junction ps-PL spectrum
associated with the NP etch process is caused by the accumulation of elemental Te in the
grain boundaries. How this perturbation of the PL spectrum comes about is not completely
clear a thistime. We can postulate amodel of the recombination process that produces the
two-peak PL spectrum and of how the presence of dementa Te in the grain boundaries
could perturb the PL spectrum.

Generdly accepted models hold that charged defects and impurities segregated at grain
boundaries will produce a depletion layer a the grain boundary [*].  The Fermi level in such



a grain boundary will be near mid-gap. After the NP etch process, there will be a layer of
elementa Te, which, if thick enough, will be degenerate p-type. Thisis alarge perturbation
of the pogtion of the Fermi level and dso a mgor increase in the conductivity of the grain
boundary. These changes will in turn produce sgnificant changes in the dectric fields and
carier disributions in the near-grain-boundary regions of the interior of the grain.

Numerous studies have shown that interdiffuson across the CdTe - CdS interface
produces a thin (200-300 nm) layer of CdTeS aloy on the CdTe side of the interface [].
Recent energy-dispersve anadyss measurements (EDS) have shown that the sulfur content
within a CdTe grain near the CdTe/CdS interface has a radia dependence, with the highest
concerll’%rati on at the grain boundary and a rapid decrease moving toward the center of the
gan[].

This gtructurd information brings us to a model for the ps-PL spectra that we have
observed. Prior to the NP etch treatment, recombination occurs throughout the grain. After
NP etch, the population of one or both carrier types is depleted near the grain boundary, and
recombination shifts toward the center of the grain. The net effect is that the percentage of
PL originating in pure CdTe will increase, whereas the average sulfur content of the CdTeS
participating in recombination processes will decrease. Thus, the post-NP-etch PL spectrum
should have a decrease in the amplitude of the lower-energy, CdTeS dloy peak, and this
peek should shift toward higher energy. This is completdly consgent with dl of the
observations reported in this study.
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